Water resistance, mechanical properties, and limiting oxygen index (LOI) of wood plastic composites (WPCs) and neat polypropylene filled with different amounts (3, 6, and 9% by weight) of dolomite powder and wood flour (15 and 30 by weight) were investigated. Wood flour, dolomite powder, polypropylene, and wax were dry-mixed in a high-intensity mixer to produce a homogeneous blend. This blend was then compounded in a laboratory-scale single screw extruder. Test specimens were produced by injection moulding process from the pellets dried to moisture content of 1%. The thickness swelling and water absorption of the dolomite polypropylene composites (DPCs) and WPCs slightly increased with increasing dolomite powder content but the differences were not significant. The flexural modulus and tensile modulus of the WPCs and DPCs increased with increasing dolomite powder content while the flexural strength and tensile strength slightly decreased. The LOI of the WPCs and DPCs increased with increasing dolomite powder content, which extended the times to ignition of WPC and polypropylene. Based on the findings obtained from the present study, it can be said that 6 wt% dolomite powder is the optimum amount in the manufacture of WPC and DPC.
INTRODUCTION
Wood plastic composites (WPCs) are a group of new materials made from a combination of wood particles and thermoplastic resins. Recently, WPCs are increasingly being used in applications in the furniture, automotive, or building industry. However, thermoplastic users are continually seeking new ways to improve product performance. For thermoplastic composite industry, wood filler has many advantages such as low cost, low density, acceptable specific strength and good thermal insulation properties, renewable resource, and recycling possible without affecting the environment. However, its major drawbacks are susceptible to fungi attack, hygroscopicity, and flammability. 1 The suitability and end use applications of WPCs are highly related to mechanical properties such as tensile strength and modulus, bending strength and modulus, hardness, and physical properties such as dimensional stability and density of these products. A good understanding of the strength properties of WPCs is of considerable importance for especially semi-structural building products, such as decking, siding, and roofing. 2 The ultimate optimization of WPC needs a thorough understanding of material performance and a wideranging evaluation of mechanical properties intended for desired applications.
Organic fillers such as wood and agricultural fibers have characteristics of low density, biodegradability, and sustainable productivity. Inorganic fillers such as calcium carbonate and talc have attracted a great attention because of their cost efficiency and abundance. The fillers (organic or inorganic materials) generally increase stiffness, strength, and hardness of polymer composites. 3 Hetzer et al. 4 reported that the addition of nanoclay in the presence of a maleic anhydride grafted polyethylene (MAPE) compatibilizer blend resulted in an increase of the modulus and strength of the composites. Gwon et al. 3 used three types of inorganic fillers (talc, kaolin, and zincborate) for manufacturing WPCs. They reported that the kaolin filler showed the best performance in mechanical strength because of its staked plate shape, small particle size, and highly hydrophilic property of its surface. In other study, Zhou et al. 5 reported that the tensile strength of polypropylene composites increased with increasing content of tetrapod-like zinc oxide whiskers in the range of 0-4 vol%.
Dolomite is an inorganic filler and occurs widely in nature. It comprises of calcium magnesium carbonate found in crystalline form with a high degree of whiteness.
6 Dolomite has being found to be a solid mineral of great importance, which has found its uses in various aspect of life. Although generally similar to calcite in properties, it is slightly harder (mohs hardness: 3.5), denser (2.85 g/ cm 3 ), and more acid resistant. 7 Dolomite is rock forming mineral which is noted for its remarkable wettability and dispersibility as well as its moderate oil and plasticizers absorption. It has got increased weathering resistance capacity. 8 In adhesives and sealants dolomite is an effective functional filler providing many benefits over calcites. Dolomite has not been widely known by WPC industry, although it has siginifcant advantages such as effective fire retardant, white color, low cost, easy-supply.
The goal of the present study was to investigate the effect of dolomite powder content on the water resistance, mechanical properties, and the relative flammability (limiting oxygen index (LOI)) of WPCs and dolomite polypropylene composites (DPCs). The percentage composition of dolomite powder used in the WPCs and and DPCs ranged from 3 to 9% by weight.
EXPERIMENTAL Materials
Poplar sawdust was supplied by a commercial lumber manufacturer in Turkey. The wood flour was first air-dried, then ground with a high-speed rotary cutting using a Wiley mill, and finally screened. The wood flour passing through a 40-mesh (0.42 mm) screen and retained on a 60 mesh (0.25 mm) screen were used in the experiments. Before compounding, the wood flour was dried to 0 to 1% moisture content using a laboratory oven at 100 o C for 48 h. The high white dolomite powder supplied by Doltaş Company in Izmir, Turkey was used. The average particle size, density, and mohs hardness of the dolomite were 0.1 mm, 2.86 g cm -³ and 3.5-4, respectively. Its crystal structure was hexagonal. The chemical composition of dolomite is presented in Table 1 . The dolomite flour was dried overnight at 100 o C to remove residual moisture, which could cause microbubbles in compound granule in the extruder. In this study, we did not use the coupling agent to determine the pure effect of dolomite powder on the properties of WPC. Manufacture of injection molded WPC and DPCs Polypropylene, wood flour, dolomite powder, and wax were dry-mixed in a high-intensity mixer to produce a homogeneous blend. The blend was then compounded in a laboratory scale single screw extruder at 40 rpm screw speed in the temperatures (barrel to die) of 170-180-185-190-200°C, respectively. The extruded specimens were collected, cooled, and granulated into the pellets. The pellets were stored in a sealed container and then dried to 0-1% moisture content in an oven for 24-h before being injection molded. The dried pellets was then injection molded using an HDX-88 injection molding machine (pressure: 150 bar; injection speed: 80 mm sec-1 ; screw speed: 40 rpm) to produce standard test specimens. Finally, the specimens were conditioned at a temperature of 23±2 °C and relative humidity of 50±5% according to ASTM D 618. The raw material formulations of WPCs and DPCs are presented in Table  2 . The density of WPCs varied from 0.91 to 1.04 g cm . 
Determination of dimensional stability
The thickness swelling (TS) and water absorption (WA) tests were carried out according to ASTM D 570. The TS and WA tests were performed on the same specimen. The test specimens were in the form of a disk 50.8 mm in diameter and 3.2 mm in thickness. The conditioned specimens were entirely immersed for 1-day, 8-days, and 28-days in a container of water at 23 °C. At the end of each immersion time, the specimens were taken out from water and all surface water was removed with a clean dry cloth. The specimens for the WA test were weighed to the nearest 0.01 g. After the weight measurements, the thickness of the same specimens for the TS test was measured to the nearest 0.001 mm immediately. Seven replicate specimens were tested for each type of composite. The density of the specimens was determined according to ASTM D 792.
Determination of mechanical properties
Flexural modulus and strength of the specimens with dimensions of 127 mm x 12.7 mm x 3.2 mm (thickness) were measured in three-point bending test using a universal testing machine (Zwick Roell Z010, capacity 10 kN) at a crosshead speed of 1.3 mm min-1 in accordance with ASTM D 790. Tensile strength and modulus of the specimens [dogbone shape (type III)] were tested with a crosshead speed of 5 mm min -1 in accordance with ASTM D 638. Seven replicate specimens were tested for the tensile and flexural properties of each composite formulation.
Limiting oxygen index (LOI) test
The LOI is the minimum percentage oxygen that is required to maintain flaming combustion of a specimen under specified laboratory conditions. The LOI measurements were carried out using a Dynisco Limiting Oxygen Index Chamber according to the principles of ASTM D2863. The specimens with dimensions of 4 mm by 100 mm were placed vertically in the center of the glass column using a specimen holder and then burned in a precisely controlled atmosphere of nitrogen and oxygen. Three specimens were used for each type of WPC and DPC.
Statistical analysis An analysis of variance, ANOVA, was conducted (p< 0.05) to evaluate the effect of the dolomite content on the water resistance, mechanical properties, and LOI of the WPC and DPC. Significant differences among the average values of the WPC and DPC types were determined using Duncan's multiple range tests. The statistical comparison for each test was done among all the composite types (from A to J). Table 3 shows the TS and WA values of the WPCs and neat polypropylene filled with increasing content of the dolomit powder. Significant differences (p<0.05) are shown by letters in Table 3 . The TS and WA values of the WPCs and DPCs increased with the increase of dolomite powder. However, the increments in the TS and WA values were not significant at the same content of the wood flour (Table 3) . Among the WPCs, the lowest TS and WA values were obtained from the WPCs without the dolomite powder while the highest TS and WA values were obtained from the WPCs containing 9 wt% dolomite powder. The one-day WA values of WPCs at the 15 wt% wood flour content increased from 0.08 to 0.14% as the amount of the dolomite powder increased from 3 to 9 wt%. (Table 3) . A similar result was observed for the WA property. This was mainly attributed to the decrement in the polypropylene content and the chemical structure of the dolomit powder. The TS values were found to be higher than the WA values. The TS and WA values of the specimens significantly increased as the immersion time increased from 1 day to 28 days.
RESULTS AND DISCUSSION

Water resistance of WPCs and DPCs
The TS and WA of DPCs were slightly increased by the incorporation of the dolomite powder. For example, as the 9 wt% dolomite powder was incorporated into the neat polypropylene, 28 days TS and WA values of the specimens (type J) were found to be 0.29% and 0.21%, respectively. These properties were found to be 0.24% and 0.18% for the neat PP composite (type G), respecetively. As for the neat PP composite, similar results were found in previous studies. 10, 11 For example, Ayrilmis et al. 10 reported that 28 days TS and WA values of the neat PP composite were 0.24% and 0.18%. From the results, the neat PP composite showed the lowest WA value, followed by the composites with dolomite filler and wood filler, respectively. The WPCs having higher amounts of wood and dolomite exhibit higher WA due to increase number of micro voids on the surface which was caused by the higher amount of poor bonded area between the filler and polymer matrix (Fig 1c) . The WA and TS of the DPCs filled with the dolomite powder were significantly lower than those of the WPCs. This was attributed to the hydrophilic property of wood because of its functional polar groups such as hydroxyl groups. The WA of WPCs mainly depends on their porosity, presence of interfacial voids between the wood filler and polymer matrix, and the amount of wood filler. The WA values of the WPC specimens containing the dolomit powder significantly increased as the amount of the wood flour increased from 15 to 30 wt%. This was mainly due to the hygroscopic property of wood and interfacial voids between the wood filler and polymer matrix, as shown in Figure 1 . Previous studies reported that the TS and WA of WPCs were significantly increased by increasing wood flour content due to the hydrophilic property of wood. [12] [13] [14] 15 The WA and TS of the thermoplastic composites filled with the natural fibers are important properties which have deleterious effects on the mechanical and physical properties of the composites. Polypropylene is a hydrophobic polymer with extremely low moisture sorption and diffusion capability. However, the wood is a hygroscopic material due to its hydrophilic polymers, (cellulose and hemicelluloses) bearing many accessible hydroxyl groups. The water molecules easily bond to the hydroxyl groups via hydrogen bonding and push apart the fibrils causing the cell wall to swell. 16 Hydroxyl groups are responsible for dimensional changes of thermoplastic composites filled with the natural fibers. Water absorption mainly depends on the amount of micro voids and cracks in the composites. Any increase in the cracks and voids led to increase in the water absorption. The penetration of water molecules into the fiber cell walls results in thickness swelling of the natural fiber filled thermoplastic composites due to affected hydrophilic cellulose and hemicelluloses.
Mechanical properties of WPCs and DPCs
The mechanical properties of the WPCs and polypropylene were summarized in Table 4 . Significant differences (p<0.05) are shown by letters in Table 4 . The tensile modulus of the WPCs and DPCs increased with increasing content of the dolomite powder but the increment was not significant (Table 4) .
At the 15 wt% wood flour content, the flexural modulus increased from 1592 to 1673 MPa as the amount of dolomite powder increased from 3 to 9 wt%. However, at the 30 wt% wood flour content, the flexural modulus of the WPCs did not improved with increasing dolomite powder content. Table 2 for composite formulation. 2 Composite types (from A to J) with same letters in column indicate that there is no statistical difference (p<0.05) between the specimens according to Duncan's multiply range test. The values in the parentheses are standard deviations.
The tensile strength and flexural strength of the WPCs were slightly decreased by the incorporation of the dolomite powder. However, the flexural strength of the DPCs increased from 39.0 to 39.9 MPa as 9 wt% dolomite was added into the composite, but this was not significant (Table 4 ). The tensile strength of the DPCs decreased as the amount of the dolomite powder was beyond 6 wt%, but it was higher than that of the neat polypropylene (Table  4) . A similar result was found in a previous study. 17 It was reported that the tensile strength of PVC composites decreased after 7.5 wt% dolomite powder was incorporated into the PVC. The reduction in the tensile strength of the WPCs beyond 6 wt% dolomite powder was mainly attributed to the poor compatibility between the dolomite powder and polypropylene, which formed the weak interfacial regions, as shown in Figure 1c .
The results of tensile and flexural modulus tests showed that the dolomite powder and wood flour allow efficient stress transfer from the polymer matrix to the reinforcing filler. Introducing organic and inorganic fillers modify the mechanical behavior by making the material stiffer, which is characterized by the significantly decreased failure strain. 18 This behavior was described in similar studies and explained by the reduction of polymer chains mobility in the presence of the filler. [18] [19] [20] [21] In addition, the improvement in the tensile modulus of the WPCs and DPCs containing the dolomite powder can be explained by the fact that the hardness of inorganic fillers is harder than that of the polypropylene and contribute to the hardness of the composite, which results in higher values of modulus. 22 The tensile elongation at break of the WPCs decreased with increasing dolomit powder content but the decrement was not significant. For example, the elongation at break of the WPCs at 15 wt% wood flour content decreased from 20.1 to 19.4% as the amount of dolomite powder increased from 3 to 9 wt%. At the 30 wt% wood flour content, the elongation at break values of the WPCs (20.3 to 19.9%) were not significantly affected by the increased dolomite powder content.
As the wood flour or dolomite powder was incorporated into the polypropylene, incompatible interfacial regions between the filler and polypropylene were created. The SEM micro images of the dolomite powder and the fracture surface of tensile specimen (WPC type F) are presented in Figure 1 . As shown in Figure 1b , the dolomite particules were encapsulated by the polypropylene matrix. It was observed the micro voids and weakened the interfacial bonding regions between wood flour and polymer matrix in Figure  1c . This was mainly attributed to the incompability between the wood flour and polymer matrix. 
LOI property of WPCs and DPCs
The LOI test assumes that inherently less flammable materials required greater oxygen concentrations to produce the heat necessary for the continued production of flammable volatiles and flame propagation. 23 The changes in the LOI of polypropylene and WPC depending on the amount of dolomite powder were presented in Figure 2 .
The addition of dolomite powder into the WPC and polypropylene improved the maximum flame retardancy as evident from higher LOI value. However, the improvement in the LOI was not significant. As the content of the dolomite powder increased from 3 to 9%, there was a relative rise in the LOI of the WPCs. For example at 15 wt% wood flour content, the LOI values of the WPCs increased from 19.6 to 20.8% as the amount of dolomite powder increased from 3 to 9 wt%. The LOI results were consistent with previous studies showing the positive effect of inorganic fillers on the flame resistance of thermoplastic composites. 24, 25 Figure 2. The LOI of WPCs and DPCs depending on the amount of dolomite powder.
Dolomite contains a magnesium-rich mineral. Fire retardants containing magnesium such as magnesium hydroxide have the characteristics of flame retarding, smoke suppression, and promoting charring.
26-29 Wu et al. 28 reported that LOI of WPCs decreased with increasing magnesium hydroxide content. Magnesium hydroxide can improve the char structure which plays an important role in reducing the degradation speed of the inner matrix during combustion process and increases the char residue at high temperature. 28 Magnesium hydroxide withdraws heat from the plastic during its decomposition into magnesium oxide and water. Water vapor that is generated dilutes the fuel supply to the flame. Decomposition products insulate the plastic from heat and produce char that impedes the flow of potentially flammable gases to the flame. 30 The LOI value of the WPC, namely oxygen concentration, was considerably increased by the addition of wood flour content (Fig. 2) . For example, as the amount of wood flour increased from 15 to 30 wt% in the WPC containing 3 wt% dolomite powder, the LOI value increased from 19.6 to 23%. Similar results were observed for 6 wt% and 9 wt% loading levels of the dolomite powder. It has been reported that fire resistance of polypropylene can be considerably improved by enhancement of amount of wood flour.
14 Wood has some initial or natural fire resistance because of its low thermal conductivity and ability to char formation.
31
The LOI value of the neat polypropylene was found to be 18.5%. As 9 wt% dolomite powder was incorporated into the neat polypropylene, the LOI increased from 18.5 to 19.2 wt%. Our results were consistent with LOI results for untreated wood and plastics reported in the literature. The LOI values of 22.0 to 25.1% were reported in the literature for 3 mm by 6.5 mm by 100 mm specimens of sawn southern pine. 32 The LOI value of neat polypropylene was reported as 17.5% in the literature. 33 Since the LOI test is widely used in evaluating the flammability of plastics, it was used in this study as an initial evaluation of the flammability of the DPCs and WPC containing dolomite powder. However, it should be noted that the LOI test has limited value in predicting corresponding results in other types of fire tests and real fires.
CONCLUSIONS
The results of this study showed that the tensile modulus and flexural modulus of the WPCs and DPCs increased with the incorporation of the dolomite powder while the tensile strength and flexural strength decreased. As for the DPCs, the flexural strength and tensile strength were improved by the incorporation of dolomite powder. The dolomite powder slightly increased the TS and WA of the WPCs and neat polypropylene The LOI value of the WPC was increased by the addition of the wood flour content. However, the improvement in the LOI was not significant. Based on the findings obtained from the present study, it can be said that 6 wt% dolomite powder is the optimum amount in the manufacture of WPC. The bending and tensile properties of the polypropylene composites improved with increasing dolomite powder upto 9 wt%.
